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  1 Introduction 

Thermal cutting is widely used in the manufacture of 
heavy equipment and in the construction of structural 
members for steel structures. In recent years, the demand 
for heavy thick steel plates with over 50 mm thickness has 
increased as upsizing of ships, offshore structures and 
buildings. Oxyfuel gas cutting is the only cutting method 
for such thick plates. Oxyfuel gas cutting has been gain-
ing renewed attention.

The function of the preheating fl ame in oxyfuel gas cutting 
was studied by Suitsu and Yasuda [1, 2] and Nakanishi 
[3-5], but the relation between the preheating fl ame con-
ditions (fuel gas, gas conditions, the total calorifi c value, 
etc.) and the cutting performances (cutting speed, kerf 
quality, thermal distortion, etc.) has not yet been fully clari-
fi ed. On account of this, the adjustment of the preheating 
fl ame has not been done by automation, but by skilled 
workers. In current times, the shortage of skilled workers 
has become critical, and the desire is strong to automate 
this process.

In recent years, there has been a move towards using oxy-
hydrogen cutting in industries. The use of hydrogen can 
reduce the emission of greenhouse gases. It is reported 
that hydrogen preheating reduces the thermal distortion 
of workpieces and allows for improvement in cutting per-
formance. The precise mechanism of these improvements 
has not yet been clarifi ed, and it is diffi cult to optimize the 
hydrogen preheating fl ame. For this reason, oxy-hydrogen 
cutting has not become widespread.

It is expected that the preheating fl ame adjustment can 
be automated. The optimization of the oxy-hydrogen cut-
ting condition thus becomes easier if the relation between 
the preheating fl ame conditions and the cutting perform-
ance is clarifi ed. This can be achieved by closely exam-
ining the relation between the fl ame conditions and the 
thermal effect. It is diffi cult to examine the thermal effect 
during oxyfuel gas cutting because both the heat transfer 
between the gas fl ame and the workpiece and the exo-
thermic reaction between the oxygen and the iron arise. 
The study of the thermal effects in piercing processes is a 
good way to get things started.
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The heat transfer parameters, the local heat transfer coeffi cient, α, and the gas temperature adjacent to 
the plate, TG, are nearly unchanged with time during preheating for oxyfuel gas cutting. A genetic algorithm 
(GA)-based identifi cation technique for α and TG is proposed. The validity of the proposed technique and the 
accuracy of the identifi ed parameters are examined by comparing the measured and calculated plate back 
face temperatures during spot heating tests. Hydrogen-LP mixed gas and LPG are used as preheating gases 
in these tests. It is considered that the plate temperatures during preheating for piercing can be calculated by 
using α and TG identifi ed in spot heating tests. The minimum piercing time is estimated by calculating the time 
until the plate heating face temperature reaches the kindling temperature. The validity of the above assump-
tion is examined by comparing the estimated and measured minimum piercing times for hydrogen-LP mixed 
gas and LPG. As a result, the following are found: 1) The plate temperatures during spot heating tests cal-
culated by using the identifi ed heat input parameters agree well with the ones measured. This demonstrates 
the accuracy of the identifi ed parameters and the validity of the proposed heat transfer simulation technique. 
2) The heat fl ux of a hydrogen-LP mixed gas fl ame around the preheating gas ejection hole is 40 % greater 
than that of a LPG fl ame, while the total calorifi c value of hydrogen-LP mixed gas is 25 % lower than that 
of LPG. This result shows that it is not appropriate to evaluate the thermal effect of the preheat fl ame only 
from the total calorifi c value alone. 3) The calculated time for the plate face temperature to exceed the steel’s 
kindling temperature almost agrees with the minimum piercing time observed in piercing tests. For the fi rst 
time, it is possible to anticipate the piercing time by numerical simulation.
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There are some studies on the thermal effect of preheat-
ing in piercing processes (e.g., Sato et al. [6]), but they 
failed to give a simple explanation on the relation between 
the heat input and the piercing performance. In most of 
these studies, the heat input was estimated from the total 
calorifi c value of the fuel gas, and the heat fl ux was not 
examined directly. It is considered that the direct heat fl ux 
estimation is needed to clarify the heat effect. Terasaki 
et al. [7] examined the heat fl ux in the oxyfuel gas cut-
ting process quantitatively by using the heat fl ux determi-
nation technique proposed by Tsuji and Okumura [8]. In 
this fl ux determination technique, the heat fl ux distribu-
tion around the torch is assumed to remain unchanged 
with time. This approximation is not valid for spot heating 
cases in which the workpiece temperature rises remark-
ably. Terasaki’s results cannot be utilized in the study of 
piercing processes.

The authors (Osawa et al. [9]) developed a genetic algo-
rithm (GA)-based heat transfer estimation technique 
which can be applied to cases where the heating face 
temperature exceeds the steel’s kindling temperature. 
The relation between the fl ame condition and the heat 
transfer can be examined with a high degree of precision 
by using this technique. In their study, the genetic repre-
sentation of heat transfer parameters was developed for 
line heating analyses. It is necessary to modify the genetic 
representation so that it can represent the features of the 
preheating fl ame in oxyfuel gas cutting.

In this study, the author’s GA-based heat transfer esti-
mation technique is modifi ed so that it can be applied to 
the analyses of preheating processes. The validity of the 
proposed technique and the accuracy of the identifi ed 
parameters are examined by comparing the measured 
and calculated plate temperatures during spot heating 
tests. H2/LP gas (combining propane gas with hydrogen 
and oxygen generated through water electrolysis) and 
LPG are used as preheating gases. The plate tempera-
ture during the piercing process is calculated using these 
identifi ed parameters, and the piercing performance is 
estimated by calculating the time until the plate face tem-
perature reaches the kindling temperature. The validity of 
the proposed piercing performance estimation method 
is examined by comparing the estimated and measured 
minimum piercing times.

  2 Theory 

2.1  Parameters for heat transfer 
between gas fl ame and steel plate

The authors (Tomita et al. [10]) measured the transient gas 
temperature fi eld within the combustion fl ame during spot 
heating tests with the laser-induced fl uorescence (LIF) 
measurement system. They found that the thermal-fl ow 
fi eld of the heating gas becomes stable in an extremely 
short time and remains unchanged during spot heating. 
This means that the temperature of the gas adjacent to 

the plate TG and the local heat transfer coeffi cient α can 
be considered to remain nearly unchanged with time. This 
leads to a linear relationship between fl ux q and heating 
face temperature TS.

Time histories of plate back surface temperature TB are 
measured during a spot heating test. Time histories of fl ux 
and heating face temperature, q and TS, can be estimated 
by inverse heat conduction (IHC) analysis from the mea-
sured TB. TG and α can be identifi ed by a linear regression
analysis of the relation between q and TS. The authors 
(Osawa et al. [11-13]) proposed an IHC technique for the 
estimation of q and TS. However, they sometimes failed to 
estimate them because the IHC problem is extremely sen-
sitive to measurement errors. This problem can be over-
come by estimating time-independent TG and α directly.

In such analyses, the gradient-based search techniques 
are not optimum because they can be trapped in local 
minima and require the objective function and its deriva-
tives to be continuous within the search space. Stochastic 
optimization techniques, such as genetic algorithms (GA), 
can overcome these problems and they can fi nd the glo-
bal solution. The reader is referred to Chakraborti [14] for 
a review of how GA is utilized in material processing. The 
authors (Osawa et al. [9]) proposed a GA-based direct 
identifi cation technique for TG and α. The validity of this 
technique was demonstrated by comparing the identifi ed 
TG and the one measured with the LIF system.

2.2  Genetic representation 
of heat transfer parameters

Hereafter, r denotes the distance from the nozzle centre, 
and r0, rE the distances from the nozzle centre to the spouts 
of preheating gas and the outer end of the analysis region. 
The region with 0 < r < r0 is called ‘inner region’, and that 
with r0 < r < rE ‘outer region’. In the GA analysis of Osawa 
et al. [9], the genetic representations were formulated so 
that TG and α show their maximums at r = 0. These repre-
sentations cannot be used for oxyfuel gas cutting nozzles 
because TG and α must show their maximum at r = r0. We 
can assume the following in the analyses of preheating 
for oxyfuel gas cutting:

i) TG shows its maximum at r = r0, and the maximum TG is 
close to the theoretical fl ame temperature. TG approaches 
room temperature at r = ∞;

ii) α shows its maximum at r = r0. α approaches the natu-
ral convection heat transfer coeffi cient when r = ∞. Based 
on these assumptions, TG and α are represented as fol-
lows in this study:

a. Set the upper and lower bounds of TG and α at r = 0, 
r0 and rE:
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b. Give TG and α at r = 0, r = r0 and r = rE as: 2.3 Fitness function

The distributions of TG and α are identifi ed by carry-
ing out spot heating tests of thin circular steel plates. 
Let BJ,K be the measured plate back face temperature 
at the J-th measurement point ( 1,2,..., BJ N ) at time 

( 1,2,..., )K Tt K N , and YJ,K be the calculated temperature 
at the same point and same time. The fi tness function E 
is defi ned as:

(4)

E in Equation (4) approaches zero when the calculated back 
face temperatures agree well with the measured ones. The 
genes, 0 0 1 1 2 2 1 1 2 2, , , , , , , , , , , , , , ,C E C Ed d d e e e f g f g h k h k are 
optimized by GA analysis so that E is minimized.

  3 Identifi cation of the heat 

 transfer parameters 

3.1 Spot heating tests

A circular mild steel disk of diameter d = 300 mm and 
6 mm thickness, shown in Figure 2, is arranged horizon-
tally and a preheating nozzle is positioned above the disk. 
The back surface of the disk is coated with a heat insulat-
ing material, and the centre of the plate is heated by H2/
LP gas (52 % H2-22 % C3H8-26 % O2) and LPG fl ame. 
The Koike Sanso Kogyo type 6023 gas cutting torch was 
used, and the Koike Sanso Kogyo types 105A-2 (for H2/
LP gas) and 106-2 (for LPG) were used for gas nozzles. 
These nozzles are suitable for the cutting of steel plates 
with thicknesses ranging from 15 mm to 30 mm. The 
spout geometries of the nozzles are shown in Figure 3. 
The distances from the nozzle centre to the preheating 
gas spouts, r0, is 3.0 mm for both nozzles. The thickness 
of the test specimen (6 mm) is much smaller than the rec-
ommended thickness (> 15 mm), because it is necessary 
to increase the responsiveness of the back face tempera-

 STUDY OF HEAT TRANSFER DURING PIERCING PROCESS OF OXYFUEL GAS CUTTING

,min ,max ,min

,min ,max ,min

0 0,min 0 0,max 0,min

0 0,min 0 0,max 0,min

,min ,max ,min

,min ,max ,min

C C C C C

C C C C C

E E E E E

E E E E E

T T d T T

e

T T d T T

e

T T d T T

e

(1)

where

0 0, , , , ,C E C Ed d d e e e
 
are real numbers ranging from 0 to 1.

c. Arrange nI number of control points (CP) in ‘inner 
region’, and enumerate them as iI = 1,2,…,nI in order of 
the increasing distance from the spout (r = r0). Give TG and 
α at each CP as:

1 1 max 1 1 max

2 2 1 2 2 1
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where

1 1 2 2, , , ,f g f g
 
are real numbers ranging from 0 to 1.

d. In the same manner as (c), arrange nO number of CPs 
in ‘outer region’, and enumerate them as iO = 1,2,…,nO in 
order of the increasing distance from the spout (r = r0). 
Give TG and α at each CP as:

(3)

where

1 1 2 2, , , ,h k h k
 
are real numbers ranging from 0 to 1.

e. TG and α between CPs are given by linear or 3rd order 
spline interpolation. 

2 3 2 2I On n
 
number of real numbers 

0 0 1 1 2 2 1 1 2 2, , , , , , , , , , , , , , ,C E C Ed d d e e e f g f g h k h k
 

are the 
genes of GA analysis. An example of genetic represen-
tation of TG and α is shown in Figure 1.
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Figure 1 – Genetic representation of the distribution 
of heat transient parameters
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Figure 2 – Test specimen used in spot heating tests
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ture to the heat fl ux enough to eliminate the problem of 
bad positioning of the IHC.

The pressure and fl ow of the fuel gas and oxygen are 
shown in Table 1. The gas conditions for LPG were cho-
sen by following the manufacturer’s recommendation for 
groove cutting. Those for H2/LP gas are optimized by the 
authors after trial and error. The fl ow of oxygen was deter-
mined so that a natural fl ame was obtained. The oxygen 
fl ow for LPG is about 76 % of that required to achieve the 
theoretical mixture ratio, and that for H2/LP gas is about 
79 % of that required.

The white corn length of the gas fl ame was about 5 mm 
for both gases. The distance between the workpiece and 
the nozzle was 6 mm. The pressure and fl ow were con-
trolled by mass-fl ow rate sensors Yamatake CMS500 (for 
H2/LP gas), CMQ200 (for LPG), CMS50 (for preheat-
ing oxygen) and CMS500 (for cutting oxygen). The total 
calorifi c values of each gas are also presented in Table 1. 
The calorifi c value of LPG is calculated by assuming that 
the calorifi c value of LPG and C3H8 are 92.6 MJ/h. That 
of H2/LP gas is calculated by assuming that the calorifi c 
value of hydrogen is 5.34 MJ/h. Table 1 shows that the 
total calorifi c value of H2/LP gas is about 75 % of that 
of LPG.

The time histories of the plate back face tempera-
ture were measured by K-type thermoelectric couples 
(TCs) with a sheath diameter of 0.1 mm welded on the 
plate back surface. The outputs of thermocouples were 

recorded on a personal computer every 1.0 s. As shown 
in Figure 4, TCs were arranged in a radial direction from 
the centre to a point 104 mm away from the centre. The 
intervals of the points are 2 mm for r ^ 12 mm, 4 mm for 
12 mm < r ^ 40 mm and 8 mm for r > 40 mm. For r > 0, 
the average of two measurements for the same r is taken 
as the representative value. In the tests, heating ceased 
within about 5 s. The gas torch was controlled by a weld-
ing robot FANUC ARC Mate DR-4000.

3.2 Optimization analysis

YJ,K in Equation (4) is calculated by carrying out axisymmet-
ric fi nite element (FE) direct heat conduction (DHC) anal-
yses in which TG(r) and α(r), represented by Equations (1), 
(2) and (3), are applied as boundary conditions.

The temperature dependencies of the material properties 
shown in Figure 5 are used. DHC analysis is performed 
by using an in-house axisymmetric thermal FE code. The 
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Table 1 – Heating conditions employed in spot heating tests

H2/LP 
gas

LPG

Distance between nozzle 
and plate [mm] 6.0 6.0

Pressure of burning gas [MPa] 0.038 0.023

Flow of burning gas [l/min] 16.0a) 6.0

Pressure of oxygen [MPa] 0.053 0.077

Flow of oxygen [l/min] 13.0b) 22.8

Total calorifi c value [MJ/h] 24.9c) 33.3
a) H2: 8.32 l/min, LP: 3.52 l/min, O2: 4.16 l/min
b) O2 of 4.16 l/min is supplied additionally from the fuel gas.
c) H2: 5.34 MJ/h., LP: 19.5MJ/h.

Figure 3 – Preheating gas nozzles for H2/LP gas and LPG

a) H2/LP gas b) LPG

Figure 4 – Arrangement of thermocouples 
for spot heating tests

Figure 5 – Temperature dependency 
of the material properties
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FE mesh and its dimensions are shown in Figure 6 and 
Table 2. The FE model comprises 4 node isoparametric 
quadrilateral elements, and the back surface is assumed 
to be adiabatic. The initial temperature is 300 K. The con-
vective heat transfer between plate and air is evaluated at 
the outer end, and its coeffi cient is 480 W/(m2K). In time 
integration, iterative calculation by Newman’s method is 
repeated until the residual temperature norm becomes 
less than 10-6 times as much as the nodal temperature 
norm. The numerical damping is 0.01, and the time incre-
ment ranges from 10-4 to 5 × 10-2 s.

The GA analyses are carried out by using the commercial 
optimization software, Optimus 5.2 (Noesis Solutions [15]). 
The genes 0 0 1 1 2 2 1 1 2 2, , , , , , , , , , , , , , ,C E C Ed d d e e e f g f g h k h k
are optimized so that E in Equation (4) is minimized by 
Self-Adaptive-Evolution algorithm (Schwefel, [16]).

Table 3 shows the upper and lower bounds of TG and α at 
r = 0, r0 and rE. CPs are arranged at r = 1.2, 1.6, 1.8 mm 
for ‘inner region’, and at r = 4.28, 7.32, 13.4, 21.0, 32.4 mm 
for ‘outer region’. TG and α between CPs are estimated by 
linear interpolation because the difference in the calcu-
lated back face temperatures derived from spline interpo-
lation and that from linear interpolation is negligible. The 
control parameters of self-adaptive evolution are shown 
in Table 4.

3.3 The heat transfer parameters: results

The identifi ed TG and α for H2/LP gas and LPG are shown 
in Figure 7. YJ,K in Equation (4) can be calculated by DHC 
analysis using these parameters as the thermal boundary 
conditions. The accuracy of the identifi ed parameters can 
be examined by comparing YJ,K with BJ,K. The DHC analy-
sis is performed by the FE code used in the GA analyses. 
The material properties shown in Figure 5 and FE mesh 
shown in Figure 6 are employed, and the calculation con-
ditions are the same as those for IHC analysis. Figure 8 
compares the measured and calculated back surface 
temperatures which coincide well. These results demon-
strate the accuracy of the identifi ed parameters and the 
validity of the hypotheses on heat transfer between fl ame 
and plate.

 STUDY OF HEAT TRANSFER DURING PIERCING PROCESS OF OXYFUEL GAS CUTTING

Figure 6 – The FE mesh used in direct heat conduction 
analysis of spot heating tests

Table 2 – Model dimensions of the FE mesh
for DHC analysis of the spot heating tests

Model dimensions [m] 0.3 × 0.006 

Num. of elements 40 × 40 × 6

Max./Min. element size in x dir [× 10-3 m] 3.44 / 13.8

Max./Min. element size in y dir [× 10-3 m] 3.44 / 13.8

Max./Min. element size in z dir [× 10-4 m] 5.04 / 16.8

Table 3 – The upper and lower bounds 
of TG and α at r = 0, r0 and rE

r

Heat transfer coeffi cient α 
[W/(m2K)]

Gas temperature right 
on the plate TG [K]

min. max. min. max.

0 1 900 2 600 3 400 3 700

r0 2 500 3 500 3 800 4 200

rE   480   600   867 1 500

Table 4 – Control parameters of self-adaptive evolution
employed in the analyses

Random seed 1

Number of parents 5

Sexuality 5

Population size 60

Initial step width 1

Average stopping stepwidth 0.01

Stepwidth mutation factor 1.3

Max. number of iterations 30

Figure 7 – Distribution of gas temperatures right on the plate TG and α during spot heating tests

a) TG b) α
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3.4 The heat fl ux during spot heating

Figure 9 shows the calculated heat fl ux distribution q(t;r) 
at time t = 0.5, 2.5 and 4.5 s for H2/LP gas and LPG. 
These fi gures show that q decreases with time. q is the 
highest at r = r0 for both H2/LP and LPG. q just below 
the spout (r = r0) of H2/LP gas is about 40 % higher than 
that of LPG. This means that the heat transfer of H2/LP 
gas is greater than that of LPG, even though the total 
calorifi c value of H2/LP gas is lower than LPG, as shown 
in Table 1.

Figure 10 shows the change of the ratios of TG and α of 
H2/LP gas to those of LPG with respect to r. This fi g-
ure shows that these ratios show their maximum (about 
145 % for TG and α) at r = 4.5 mm, and the ratio of α is 
maintained at a high level (> 100 %) within r ^ 10 mm, 
while the ratio of TG decreases with r rapidly and the mag-
nitude relation is reversed when r > 6 mm. In short, the 
high TG region of H2/LP gas is smaller than that of LPG, 
and α of H2/LP gas is greater than that of LPG.

It is considered that the superiority of H2/LP gas in α is the 
main cause of the negative correlation between the total 
calorifi c value and the heat fl ux. The burning velocity of 
hydrogen is about 3.4 times higher than LPG. This results 

in the fl ow rate of H2/LP gas being about 2.5 times higher 
than that of LPG. It is assumed that this difference makes 
the impinging jet heat transfer of H2/LP gas greater than 
that of LPG. The results described above show that it is 
not appropriate to evaluate the thermal effect of preheat-
ing only from the total calorifi c value.

STUDY OF HEAT TRANSFER DURING PIERCING PROCESS OF OXYFUEL GAS CUTTING

Figure 8 – Comparison of the measured plate back surface temperatures during spot heating tests with those obtained 
 by direct heat conduction analysis using the identifi ed TG and α of H2/LP gas and LPG

Figure 9 – Heat fl ux distribution during the spot heating test with H2/LP gas and LPG

Figure 10 – Ratio of α and TG of H2/LP gas to those of LPG
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  4 Estimation of piercing 

 performances 

4.1 Piercing tests

Rectangular steel plates of 200 mm length, 200 mm 
width and 12 mm thickness, shown in Figure 11, were 
heated by H2/LP gas and LPG preheating gas fl ame. The 
cutting torch was located at a point 50 mm away from 
the two edges of the plate. The piercing conditions (noz-
zle, gas conditions and nozzle height) are the same as 
those shown in Table 1. The thickness (12 mm) is compa-
rable with the recommended thickness of cutting nozzles 
(15 mm to 30 mm).

The nozzle height was kept at 6 mm during preheating. 
When the preheating was fi nished, the torch was moved 
10 mm upward and the supply of cutting oxygen was 
started. The fl ow rate and pressure of the cutting oxy-
gen was 150 l/min and 0.3 MPa. The ‘minimum piercing 
time’ was measured by gradually extending the preheat-
ing time by 5 s per trial until the plate was successfully 
pierced. The temperature distribution on the plate heating 
face was measured by an infrared camera, FLIR SYSTEM 
SC620NTSC, from about 1.5 m away. The radiation fac-
tor 0.97 was used in the temperature measurements. The 
width of the temperature measurement region was about 
300 mm, and the video resolution was 640 × 480.

The measured ‘minimum piercing time’ was 20 s for H2/
LP gas and 30 s for LPG. It was observed that the diam-
eter of the area in which the temperature exceeded the 
steel’s kindling temperature (about 1 300 K) after pre-
heating was larger than 10 mm for the cases where the 
plate was successfully pierced.

4.2  Plate temperature estimation
during piercing tests

The authors (Osawa et al. [13]) showed that the plate 
temperature can be estimated accurately by assuming 

that the TG and α remain unchanged, even if the heat-
ing face temperature exceeds 1 000 K. This leads us to 
expect the possibility of estimating the time until the plate 
face temperature exceeds the steel’s kindling tempera-
ture in the piercing tests by using TG and α identifi ed in 
the spot heating tests.

The plate temperature during the preheating process is 
calculated by using the FE code used in the GA analyses. 
The material properties shown in Figure 5 and FE mesh 
shown in Figure 12 are employed. The material proper-
ties and calculation conditions are the same as those for 
IHC analysis. This FE model is an axisymmetric model of
a circular plate with a radius of 60 mm, and it comprises 
4 node isoparametric quadrilateral elements. The element
edge length ranges from 0.1 mm to 6.95 mm in radial 
direction, and from 0.1 mm to 2.02 mm in through-
thickness direction.

Figure 13 shows the calculated plate heating face temper-
atures at r = 0, 3 mm and 6 mm during piercing tests pre-
heated by H2/LP gas and LPG. The abscissa of this fi gure 
is the elapsed time from the beginning of the preheating 
process, t. Let twpk (warm-up period for kindling) be the time 
until the heating face temperature at r = 6 mm exceeds the 
steel’s kindling temperature (1 300 K). It is shown that twpk 
is 22.5 s for H2/LP gas and 28.8 s for LPG.

The results of the infrared camera measurements lead 
us to an assumption that the prerequisite for the success 
of piercing is the generation of a plate surface area with 
a diameter larger than 10 mm, within which the heating 
face temperature exceeds 1 300 K. Therefore, it can be 
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Figure 11 – Test specimen used in piercing tests

Figure 12 – The FE mesh used in direct heat conduction
analysis of piercing tests

Figure 13 – Time histories of the plate heating face 
during piercing tests
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considered that twpk is approximately equal to the mini-
mum piercing time. The calculated values of twpk (H2/LP 
gas: 22.5 s, LPG: 28.8 s) almost agree with the measured 
minimum piercing times (H2/LP gas: 20 s, LPG: 30 s).

Figure 14 shows the measured plate heating face tem-
peratures for tests with H2/LP gas and LPG. They are the 
average temperatures in the region just below the nozzle 
with a diameter of about 10 mm, and it is considered that 
these measured temperatures correspond to the calcu-
lated temperature at r = 6 mm. Calculated heating face 
temperatures at r = 6 mm are also plotted in this fi gure. 
Measured temperatures jump sharply in response to the 
beginning of the supply of cutting oxygen (at t = 20 s for 
H2/LP gas and t = 30 s for LPG). Measured data show 
fl uctuations occurring at about a 5 s-rate of temperature 
increase. It is supposed that these fl uctuations are caused 
by changes in plate surface condition. Figure 14 shows that 
the calculated temperatures almost agree with the mea-
sured ones when we remove this low-frequency noise.

From the results described above, we can conclude that 
the plate temperature during the piercing preheating pro-
cess can be calculated with a high degree of accuracy by 
using TG and α identifi ed in the spot heating tests. For the 
fi rst time, it is possible to anticipate the piercing time by 
numerical simulation.

Figures 15 a) and b) show the temperature distributions 
on the cross-section of the plate at the end of the preheat-
ing process (H2/LP gas: 20 s, LPG: 30 s). These fi gures 
are illustrated upside down, and the lower surface is the 
heating face. The temperature distributions on the heating 
face of H2/LP gas and LPG are generally similar, while 
the cross-sectional temperature distributions are quite 
different. The region in which the temperature exceeds 
the mechanical melting point (1 000 K) reaches the back 
face for LPG, while its border is at the mid-point of the 
cross-section. This shows that the volume of inherent 
strain generation region (that is, the degree of the thermal 
distortion) is not positively correlated with the magnitude 
of the heat fl ux.

  5 Conclusions 

The heat transfer parameters, the local heat transfer coef-
fi cient, α, and the gas temperature adjacent to the plate, 
TG, are nearly unchanged with time during preheating for 
oxyfuel gas cutting. A genetic algorithm (GA)-based iden-
tifi cation technique for α and TG is proposed. The valid-
ity of the proposed technique and the accuracy of the 
identifi ed parameters are examined by comparing the 
measured and calculated plate back face temperatures 
during spot heating tests. Hydrogen-LP mixed gas and 
LPG are used as preheating gases in these tests. It is 
considered that the plate temperatures during preheating 
for piercing can be calculated by using α and TG identi-
fi ed in spot heating tests. The minimum piercing time is 
estimated by calculating the time until the plate heating 
face temperature reaches the kindling temperature. The 
validity of the above assumption is examined by compar-
ing the estimated and measured minimum piercing times 
for hydrogen-LP mixed gas and LPG. As a result, the fol-
lowing are found:

1. The plate temperatures during spot heating tests cal-
culated by using the identifi ed heat input parameters 
agree well with those measured. This demonstrates the 
accuracy of the identifi ed parameters and the validity 
of the proposed heat transfer simulation technique.

2. The heat fl ux of a hydrogen-LP mixed gas fl ame 
around the preheating gas ejection hole is 40 % larger 
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Figure 14 – Comparison of measured and calculated 
plate heating face temperatures during piercing tests

Figure 15 – Plate temperature distributions at the times when the plate heating face temperature within a radius 
of 6 mm from the torch centre exceeds the burning temperature of steel (about 1 300 K)

a) H2/LP gas, time = 20 s b) LPG, time = 30 s
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than that of a LPG fl ame, while the total calorifi c value 
of hydrogen-LP mixed gas is 25 % lower than that of 
LPG. This result shows that it is not appropriate to eval-
uate the thermal effect of the preheat fl ame only from 
the total calorifi c value alone.

3. The calculated time until the plate face temperature 
exceeds the steel’s kindling temperature almost agrees 
with the minimum piercing time observed in piercing 
tests. For the fi rst time, it is possible to anticipate the 
piercing time by numerical simulation.

4. The minimum piercing time of a hydrogen-LP mixed 
gas fl ame is about 2/3 that of a LPG fl ame while the 
total calorifi c value of hydrogen-LP mixed gas is 25 % 
smaller than that of LPG. This result shows that it is not 
appropriate to evaluate the piercing performance only 
from the total calorifi c value alone.
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